Abstract: The present study was undertaken to investigate the protective effect of Indian honey on acetaminophen induced oxidative stress and liver damage in rat. Honey serves as a source of natural medicine, which is effective to reducing the risk of heart disease, liver toxicity and inflammatory processes. The hepatoprotective activity of the Indian honey was determined by assessing levels of Serum transaminases, ALP and total bilirubin. Finally, the effects of the test substances on the antioxidant enzymes of the liver were also studied by assessing changes in the level of reduced glutathione, glutathione peroxidase, catalase and superoxide dismutase. Serum transaminase, ALP and total bilirubin level were significantly elevated and the antioxidant status in liver such as activities of SOD, CAT, GPx and the levels of GSH were declined significantly in APAP alone treated animals. Pretreatment with honey and silymarin prior to the administration of APAP significantly prevented the increase in the serum levels of hepatic enzyme markers and reduced oxidative stress. The histopathological evaluation of the livers also revealed that honey reduced the incidence of liver lesions induced by APAP. Results suggest that the Indian honey protects liver against oxidative damage and it could be used as an effective hepatoprotector against APAP induced liver damage.
Introduction
Acetaminophen (APAP), a most commonly used analgesics, effectively reduces fever and mild-to moderate pain, is considered to be safe at therapeutic doses. However, APAP overdose causes severe hepatotoxicity that leads to liver failure in both humans and experimental animals (Kaplovitz 2005) . Most of the experiments aimed to elucidate the mechanism of APAP toxicity were performed on animal model both in vivo and in vitro (Masubuchi et al. 2005; Reid et al. 2005) . When taken at supratherapeutic doses, APAP causes centrilobular hepatocyte degeneration and necrosis in rodents and humans (Lee et al. 1998) . In response to injury with APAP and other centrilobular hepatotoxicants, there is a recovery phase in which hepatocytes are stimulated to repopulate the liver lobule (Kofman et al. 2005) . Resistance to a different toxicant (heteroprotection) has also been observed (Yim et al. 2006) . The mechanism(s) underlying the resilience of proliferating hepatocytes to further toxicity is not completely known.
A small amount of APAP is metabolized together with cytochrome P450. As a result, N-acetylp-benzoquinone imine (NAPQI) or N-acetyl-p-benzosemiquinone imine (NAPSQI) appears in the body's system (Bessems & Vermeulen 2001) . Both these compounds are very active chemically and their chemical structures indicate that they are capable of taking part in free radical reactions. Consequently, paracetamol overdose can lead to a number of unfavorable consequences, especially those affecting the liver (Kurtovic & Riordan 2003) . A large dose of this drug causes depletion of the cellular glutathione (GSH) level in liver because NAPQI reacts rapidly with glutathione (Oz et al. 2004; Masubuchi et al. 2005) , which consequently exacerbates oxidative stress in conjunction with mitochondrial dysfunction. Thus, the GSH depletion, especially occurring in acute hepatotoxicity, affects liver functions and leads to massive hepatocyte necrosis, liver failure or death. Since oxidative stress and GSH depletion contributed to acetaminophen-induced liver injury; the agent(s) with antioxidant property and/or GSH reserving ability may provide preventive effect against the progression of lipid peroxidation and hepatocellular injury (Hsu et al. 2008) .
Honey has since ancient times been used in the traditional treatment of various diseases. During the last years the use of honey for these indications has re-emerged, mainly due to clinical observations of liver injury, gastroprotective effect and accelerated wound healing (Molan 2001; French et al. 2005) . The healing properties of honey have been known since time immemorial and have recently gained recognition from the scientific community (Molan 2000) . Honey accelerates wound healing whether applied topically or administered systematically. Therapeutic effects of honey have been found in burn treatment, by helping the rapid healing of wounds with less scarring (Subrahmanyam 1991) . Investigations have shown that honey acted more effective than other natural and synthetic products in the management of burn wound.
Hepatic injury is not only one of the most common reasons for the termination of drugs in their pre-clinical development but is also a frequent reason for the withdrawal of drugs from the market. Prediction of liver toxicity continues to be a major challenge for the pharmaceutical industry (Kaplovitz 2005) . Honey can be considered as a dietary supplement as it contains some important components including α-tocopherol, ascorbic acid, vitamins, organic acid, flavonoids, phenolics enzymes and other phytochemical compounds (Mendes et al. 1998) . The composition and properties of honey are dependent on floral origins, climatic conditions of the produced area and processing and storage methods. Many authors demonstrated that honey serves as a source of natural medicine, which are effective in reducing the risk of heart disease, cancer, immunesystem decline, cataracts, different inflammatory processes etc. (Bertoncelj et al. 2007 ). The use of honey in the treatment and prevention of numerous diseases has been documented (Castaldo & Capasso 2002) . However, since some of these diseases are a consequence of oxidative damage, it seems that part of the therapeutical properties of honeybee products is due to their antioxidant capacity (Hegazi & Abd El-Hady 2009) . Furthermore, honey as a source of antioxidants, has been proven to be effective against deteriorative oxidation reaction in food (Mckibben & Engeseth 2002) .
Silymarin has been used for over 20 years in clinical practice for the treatment of toxic liver diseases. Silymarin extract from the seeds of the plant Silybum marianum, also called "milk thistle". It has been described to be an antioxidant and exhibits anticarcinogenic, anti-inflammatory, hepatoprotection and growth modulatory effects (Škottová et al. 2003) . In this study, silymarin was used as a positive control to against the APAP-induced acute hepatic damage in rats.
The purpose of this animal study was to examine the preventive effects of Indian honey on acetaminophen-induced acute hepatic oxidative injury. The hepatoprotective effects of the Indian honey was determined by assessing levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP) and total bilirubin. Finally, the effects of the test substances on the antioxidant enzymes of the liver were also studied by assessing changes in the level of reduced glutathione (GSH), glutathione peroxidase (GPx), catalase (CAT) and superoxide dismutase (SOD). In addition, histopathogical studies were done to prove its effectiveness in the preventive and curative role against acetaminophen induced toxicity in vivo.
Material and methods

Chemicals
Pyridine (C5H5N), disodium hydrogen phosphate (Na2-HPO4), hydrogen peroxide (H2O2), dihydrogen potassium phosphate anhydrous (KH2PO4) and thiobarbituric acid (TBA) were purchased from Merck India Ltd (Mumbai, India). Acetaminophen (APAP), Diagnostic kits for the serum aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), serum bilirubin, bovine serum albumin (BSA), trichloro acetic acid (TCA), thiobarbituric acid-reacting substances (TABRS), reduced glutathione (GSH), Sodium pyrophosphate, ethylene diamine tetra acetic acid disodium salt (EDTA) 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB), β-nicotinamide adenine dinucleotide hydrogen (NADH) were obtained from Sigma Chemical (St. Louis, MO, USA). All other chemicals and reagents were of highest purity commercially available.
Animals
Male albino Wistar rats (150-170 g) were used throughout the experimental study. The animals were housed in polypropylene cages with sterile inert husk materials as bedding. The experimental animals were maintained under controlled environment condition at 23 ± 2
• C and relative humidity 55 ± 10% with a 12 h dark : light cycle. They were allowed to acclimatize for one week and were provided a free access to standard pellet diet and water ad libitum. The experimental protocols were approved by the Institutional Animal Care and Use Committee of Sri Krishnadevaraya University at Anantapur, India (Reg. No. 25/1/99/AWD).
Honey samples
The fresh multifloral Indian honey samples were collected directly from apiarists in Western Ghats in the province of Tamil Nadu, India. The vegetation in these areas can be described as being composed of a mixture of various natural plants. The Indian honey samples were collected in 2007 and stored in a freezer prior to analysis.
Experimental design
The animals were divided into four groups consisting of six animals each for different experiments. Group I rat served as normal control. Group II (intoxicated group) were received orally with a single dose of Acetaminophen (3 g kg −1 , p.o.). Group III rats were pre-treated with honey (1 g kg −1 , p.o.) for 10 days, followed by rat were intoxicated with APAP. Group IV were pre-treated with the silymarin (100 mg kg −1 , p.o.) commercial drug for 10 days, followed by rat were intoxicated with APAP. The animals were sacrificed 24 h after the administration of acetaminophen using ether anesthesia. Blood was used to determine the serum ALT, AST, ALP and total bilirubin activities, and the animals were then sacrificed. Liver was dissected out for the determination of antioxidant status.
Serum biochemical assays
At the end of the experiment, the rats were fasted for 24 h prior to the experiments but water was permitted ad libitum. The blood was collected by cardiac puncture from the ether anesthetized rats. The blood was allowed to clot and then centrifuged at 3000 g for 10 min. The haemolysis-free serum samples were kept at −70
• C before determination of the biochemical parameters. Serum biochemical parameters (AST, ALT, ALP and total bilirubin) were assayed by the method of Reitman & Frankel (1957) using commercially available kits.
Determination of biochemical parameters in liver
Preparation of hepatic homogenate Livers were excised, washed thoroughly in ice-cold saline to remove the blood. They were then gently blotted between the folds of a filter paper and weighed in an analytical balance. Ten percent of homogenate was prepared in 0.05 M phosphate buffer (pH 7) using a polytron homogenizer at 20
• C. The homogenate was centrifuged at 3000 g for 20 min to remove the cell debris, unbroken cells, nuclei, erythrocytes and mitochondria. The supernatant was used for further hepatic biochemical assays.
Estimation of reduced glutathione (GSH) level Hepatic GSH level was determined by the method of Ellman (1959) . Briefly, 720 µl of the liver homogenate in 200 mM tris buffer, pH 7.2, was diluted to 1440 µl with the same buffer. Five percent TCA (160 µl) was added to it and mixed thoroughly. The samples were then centrifuged at 10,000 g for 5 min at 4
• C. Supernatant (330 µl) was taken in a tube and 660 µl of Ellman's reagent (5'-dithio-bis-2-nitrobenzoic acid DTNB solution) was added to it. The absorbance of the product was measured at 420 nm. GSH content was determined using a standard curve generated from known concentrations of GSH. The results were expressed as µM mg −1 protein.
Assay of glutathione peroxidase (GPx)
The glutathione peroxidase (GPx) activity was determined according to the method of Mohandas et al. (1984) . The following solutions were pipetted into a cuvette: 0.1 mL of homogenate and 0.8 mL of 100 mM potassium phosphate buffer, pH 7.0, containing 1 mM EDTA, 1 mM NaN3, 0.2 mM NADPH, 1 unit mL −1 GSH reductase, and 1 mM GSH. The mixture was pre-incubated for 5 min at room temperature. Thereafter, the overall reaction was initiated by adding 0.1 mL of 2.5 mM H2O2. Enzyme activity was calculated by the change of the absorbance at 340 nm for 5 min.
Assay of superoxide dismutase (SOD)
The activity of superoxide dismutase (SOD) was measured by the method of Kakkar et al. (1984) with the modification. About 5 µg of protein-contained liver homogenate were mixed with sodium pyrophosphate buffer, PMT and NBT. The reaction was started by the addition of NADH. Then, the reaction mixture was incubated at 30
• C for 90 s. Next, the reaction was stopped by the addition of 1 ml of glacial acetic acid. The absorbance of the chromogen formed was measured at 560 nm. One unit of SOD activity is defined as the enzyme concentration required to inhibit chromogen production by 50% in 1 min under the assay condition.
Assay of catalase (CAT)
The CAT activity was measured in liver homogenates by the method of Bonaventura et al. (1972) . For the assay, the liver homogenates containing 5 µg total proteins was mixed separately with 700 µl, 5 mM hydrogen peroxide and incubated at 37
• C. The disappearance of peroxide was observed at 240 nm for 15 min. One unit of catalase activity is that which reduces 1 µmol of hydrogen peroxide per minute.
Histopathological examinations
A portion of the median lobe of the liver was dissected and fixed in 10% neutral buffered formalin solution for 24 h. The remaining livers were stored at −70
• C for biochemical analysis. The washed tissue was dehydrated in descending grades of isopropanol and finally cleared in xylene. The tissue was then embedded in molten paraffin wax. Sections were cut at 5 µm thickness deparaffinized and rehydrated using standard techniques, and the sections were stained with haematoxylin and eosin. The sections were then viewed under light microscope for histopathological changes. The extent of acetaminophen induced necrosis was evaluated by assessing morphological changes in liver sections using standard techniques.
Statistical analysis
All data were represented as mean ± SD. Significant difference between the mean values were statistically analyzed using one-way analysis of variance (ANOVA) followed by Tukey's multiple comparison test. The data were analyzed with SPSS version 13 software (SPSS Inc., Chicago, USA). The difference showing a level of P < 0.05 was considered to be statistically significant.
Results
Effect of Indian honey on serum enzymes and total bilirubin levels in APAP induced hepatotoxicity in rat Serum transaminases, ALP and total bilirubin levels are susceptible to hepatotoxin and serve as markers of liver damage which promotes the release of such serum enzymes from hepatocytes into blood stream. The effects of pretreatment with honey and silymarin on the APAP-induced elevation of serum enzymes AST, ALT, ALP and total bilirubin activities are shown in Table 1 in ALP indicating APAP to have inflicted a significant damage to liver (Table 1) . Pre-treatment of honey 1 h prior to APAP administration significantly protected the elevation of transaminases, ALP and total bilirubin activities. The activities of AST, ALT and ALP in the high dose honey plus APAP treated group were 79.78 ± 1.59 IU L −1 , 56.98 ± 1.79 IU L −1 and 70.40 ± 1.48 IU L −1 , respectively. Similarly, the activity of total bilirubin significantly (P < 0.05) decreased in honey plus APAP treated group (1.83 ± 0.11 mg dl −1 ) in comparison with the APAP induced hepatotoxic group (4.34 ± 0.14 mg dl −1 ).
Effect of Indian honey on reduced glutathione (GSH) in APAP induced hepatotoxicity in rat GSH is a crucial antioxidant molecule present in cells and is also importantly involved in several metabolic pathways. Fig. 1A shows the effect of honey on the content of GSH in APAP induced hepatotoxicity in rats. The administration of a single dose of APAP (3 mg kg −1 , p.o.) to rats resulted in a decline of total GSH content in the liver homogenate. Both pre-treatment of honey and silymarin diets significantly inhibited the depletion of GSH (22.30 ± 1.20 and 23.40 ± 1.44 µmol mg −1 protein, respectively), compared to the group of Explanations: Each value represents the mean ± SD of six animals. # significant difference at P < 0.05 (Tukey's test) compared with the control. *significant difference at P < 0.05 (Tukey's test) compared with the APAP treated group. Effect of Indian honey on glutathione peroxidase (GPx) in APAP induced hepatotoxicity in rat GPx activity as measured from the liver tissue homogenates of all of the experimental rats are shown in Fig. 1B . The hepatic GPx activity of APAP group was significantly reduced (13.95 ± 1.75 µmol mg −1 protein) compared to the normal control group (19.71 ± 0.95 µmol mg −1 protein). However, the GPx activity significantly increased in the intoxicated group pre-treated by of honey (17.57 ± 0.91 µmol mg −1 protein) when compared with the APAP group. In contrast, GPx was influenced by the treatment of APAP, silymarin, or with honey. However, pre-treatment by honey could restore the antioxidant capacity exhausted by APAP.
Effect of Indian honey on superoxide dismutase (SOD) and catalase (CAT) activity Fig. 1C shows the effects of honey on the hepatic SOD activity in APAP induced oxidative stress in rat. A single dose of APAP resulted in a significant (46.51 ± 0.96 µmol mg −1 protein) decrease in the activity of SOD, compared with the control group (64.94 ± 1.51 µmol mg −1 protein). Pre-treatment with honey resulted in a significant increase in the level of SOD (64.81 ± 1.55 µmol mg −1 protein). Moreover, administration of honey to APAP-treated rats completely reversed the decrease in SOD induced by APAP to control values.
CAT activity of the liver tissue homogenates of all of the experimental rats is shown in Fig. 1D . Treatment with APAP resulted in a significant decrease in total CAT levels (15.60 ± 1.06 µmol mg −1 protein) in liver tissues compared with the control group (24.91 ± 1.08 µmol mg −1 protein). Administration of honey to APAP-treated rats resulted in a significantly increase (23.60 ± 1.26 µmol mg −1 protein) in the CAT activity of the liver to normal levels.
Effect of Indian honey on histopathological changes in APAP hepatotoxic rat Histologically, control animals showed normal hepatic architecture. The central veins, portal tracts, hepatocytes and sinusoids appear normal (Fig. 2) . Group II (exposed to APAP) shows loss of the normal liver architecture and it's revealed extensive damage, charac- terized by the disruption of the lattice nature of the hepatocyte, damaged cell membranes, fatty degeneration, necrosis, degenerated nuclei, disintegrated central vein and damaged hepatic sinusoids (Fig. 2) . However, the rat pre-treated with honey and silymarin (Group III and IV, respectively) exhibited significant liver protection against APAP induced liver damage, as evident by the presence of normal hepatic cells, absence of necrosis and fatty changes (Fig. 2) .
Discussion
In the present study, the Indian honey was observed to exhibit hepatoprotective effect as demonstrated by a significant decrease in serum transaminases, ALP and total bilirubin level in rat induced with APAP hepatotoxicity. Moreover, Indian honey enhanced the activities of antioxidant enzymes (GSH, GPx, SOD and CAT) against the APAP-induced hepatotoxicity in these animals, suggesting that the reduction of oxidative stress in this scenario likely plays a role in the mechanism of its hepatoprotective effects.
The liver is a major target organ for toxicity of xenobiotics and drugs, because most of the orally ingested chemicals and drugs first go to liver where they are metabolized into toxic intermediates. Various pharmacological or chemical substances are known to cause hepatic injuries such as acetaminophen, CCl 4 and dimethylnitrosamine. Excessive dose exposure to these hepatotoxins may induce acute liver injury characterized by abnormality of hepatic function and degeneration, necrosis or apoptosis of hepatocyte (Higuchi & Gores 2003) . With the increasing ingestion of drugs or exogenous chemicals, the possibility of liver injury will undoubtedly increase (Lee 2003) . At present, drug or chemical-induced liver injury has become a major clinical problem. Much attention should be paid to the mechanisms involving drug or chemical-induced liver injury. In addition, the search for effective therapeutical methods for the treatment of drug or chemical-induced liver injury is also very important.
With respect to APAP dependent hepatotoxicity it is generally accepted that P450-dependent bioactivation of APAP is a main cause of potentially fulminant hepatic necrosis upon administration or intake of lethal dose of APAP (Bailey et al. 2003; Lee 2004) . APAP hepatotoxicity is the result of a cascade of interrelated biochemical events (Bartlett 2004) . In the course of acute liver failure, oxidative stress expressed by oxidant-antioxidant imbalance is profound in liver tissue. In recent studies APAP was found to induce substantial mitochondrial oxidative stress and peroxy nitrite formation (Knight et al. 2001 ). This oxidative stress preceded cell injury by several hours (Jaeschke et al. 2003) and free radical scavengers attenuated APAP induced liver injury (Knight et al. 2002) .
Serum transaminases and ALP activities have long been considered as sensitive indicators of hepatic injury. The increased serum levels of transaminases and ALP have been attributed to the damaged structural integrity of the liver, because these are cytoplasmic in location and are released into circulation after cellular damage. In the assessment of liver damage by APAP the determination of enzyme levels such as serum transaminases and ALP is largely used. Therefore, the marked release of transaminases and ALT into the circulation indicates severe damage to hepatic tissue membranes during APAP intoxication. In the present study, the single oral dose of APAP at 3 mg/kg caused a dramatic elevation in serum transaminases and ALP activities, indicating an acute hepatotoxicity induced by administration of APAP (Table 1) . High doses of APAP have been demonstrated to increase the serum levels of AST and ALT (Kozer et al. 2003) . The significantly decreased serum transaminases and ALP activities in the honey and silymarin administered groups prior to APAP demonstrated its hepatoprotective effect.
Serum bilirubin is one of the most sensitive tests employed in the diagnosis of hepatic diseases. It provides useful information on how well the liver is functioning (Harper 1961) . Bilirubin, a chemical breakdown product of hemoglobin, is conjugated with glucuronic acid in hepatocytes to increase its water solubility. Bilirubin concentration has been used to evaluate chemically induced hepatic injury. Besides various normal functions liver excretes the breakdown product of hemoglobin namely bilirubin into bile. Pre-treatment of honey prevented severity of liver damage caused by APAP as evidenced by the low level of bilirubin in the serum (Table 1) .
Reduced glutathione is a substrate for glutathione related enzymes, and a regenerator for alpha-tocopherol; therefore, it plays an important role in the antioxidant defense system. It is well known that a large dose of acetaminophen causes hepatic GSH depletion because NAPQI reacts rapidly with glutathione (Oz et al. 2004; Masubuchi et al. 2005) , which consequently exacerbates oxidative stress in conjunction with mitochondrial dysfunction. The GPx present in the cells can catalyze this reaction. Cighetti et al. (1993) reported that depletion of GSH below a threshold value was associated with a significant conversion of xanthine dehydrogenase to reversible xanthine oxidase, a superoxide radical generation reaction catalyzing enzyme. In the present study, the hepatic content of GSH and GPx were found to be decreased significantly in acetaminophen intoxicated rats compared with the control rats. However, concomitant administration with honey significantly prevented the acetaminophen induced depletion of hepatic GSH and GPx, indicating the antioxidant effect honey in acetaminophen intoxicated rats.
Living tissues are endowed with innate antioxidant defense mechanisms, such as the presence of the enzymes superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (Gpx). A reduction in the activities of these enzymes is associated with the accumulation of highly reactive free radicals, leading to deleterious effects such as loss of integrity and function of cell membranes (Sheela & Angusti 1995) . Antioxidant enzymes such as SOD and CAT are easily inactivated by lipid peroxides or reactive oxygen species, which results in decreased activities of these enzymes in acetaminophen toxicity. It is most abundant in the liver and is responsible for the catalytic decomposition of H 2 O 2 to oxygen and water (Reiter et al. 2000) . SOD is an extremely effective antioxidant enzyme, and is responsible for catalytic dismutation of highly reactive and potentially toxic superoxide radicals to H 2 O 2 (Reiter et al. 2000) .
The antioxidant effects of honey and silymarin on the acetaminophen induced depletion of hepatic antioxidant enzymes are presented in Figs 1A , B. The activities of SOD and CAT in the acetaminophen group were significantly decreased when compared with the control group. The results strongly suggest that the significant decrease of hepatic catalase and SOD activities observed in rats treated with acetaminophen may be largely due to increased free radical production caused by administration of acetaminophen. In rats treated with honey, however, the activities of these antioxidant enzymes were significantly higher than in the rats exposed to acetaminophen alone. Honey is similarly rich in phytochemicals and exhibits antioxidant capacity against oxidative stress. Kamakura & Sakaki (2006) has been reported that hypopharyngeal gland protein of honey-bee enhances proliferation of primarycultured rat hepatocytes and this protein was present in honey. All evidence, including serum enzyme activity, GSH level and damage markers show that a honey diet could decrease APAP-induced oxidative stress.
In conclusion, the results of this study demonstrate that honey has a potent hepatoprotective action upon acetaminophen-induced oxidative stress and liver toxicity in rat. The hepatoprotective effect of honey can be correlated directly with its ability to reduce activity of serum enzymes and enhance antioxidant defence status. The findings of this study suggest that honey can be used as a safe, cheap, and effective alternative chemopreventive and protective agent in the management of liver diseases.
